This paper reports a two-dimensional hybrid simulation study which utilizes an expanding box model to represent the slow compression of the plasma as it flows through the magnetosheath. In the code we model the compression as an external force: The physical sizes of the simulation box decrease with time. We present results of a simulation which starts in a parameter region of low beta where the plasma is stable with respect to both the Alfvén ion cyclotron (AIC) and mirror instabilities. In this stable region the plasma behaves double-adiabatically and an important proton temperature anisotropy appears. When the plasma becomes unstable to AIC instability, the adiabatic behavior is broken and the AIC waves keep the system close to marginal stability, the theoretical growth rate being about constant, small and positive. The AIC waves are continuously generated and the proton parallel beta increases with time. This marginal stability behavior is slightly disrupted for high proton parallel beta, where the mirror mode becomes unstable. The mirror waves rapidly grow and coexist with AIC wave, in later times the growth of AIC waves is inhibited and mirror waves become dominant. During the stages dominated by AIC and mirror waves, anticorrelation between anisotropy and proton parallel beta is observed. The hybrid expanding box simulation directly verifies the marginal stability evolution of the magnetosheath plasma.
Introduction
The magnetosheath plasma flow around the magnetospheric cavity exhibits large-scale inhomogeneities [Phan et al., 1994; Hill et al., 1995] . Their typical scale is usually much larger than the kinetic ion (and electron) scales. Therefore the magnetosheath plasma may be considered locally as homogeneous with flow-induced processes, for example a field-line stretching or a plasma compression. The double-adiabatic theory [Chew et al., 1956] predicts that these processes lead to strong ion temperature anisotropies T ⊥ > T , where T ⊥ and T are the ion temperature perpendicular and parallel (with respect to the ambient magnetic field), respectively. The strong ion anisotropies T ⊥ > T are not actually observed. The magnetosheath ion properties are dominated by a low-frequency turbulence transported from the shock or generated locally. The magnetosheath turbulence behind the quasiperpendicular portion of the Earth's bow shock is relatively well understood: The turbulence is supposed to be generated mainly locally and may be regarded as a weak turbulence with different wave modes [Lacombe and Belmont, 1995; Schwartz et al., 1996] : in low-beta plasmas transverse Alfvén ion cyclotron waves are observed whereas compressional mirror waves are observed in highbeta plasmas. All these waves are generated by the ion temperature anisotropies, and are usually observed near the marginal stability of the corresponding instability [Anderson and Fuselier, 1993] . As a consequence, the magnetosheath protons are characterized by an anticorrelation Gary et al., 1994b] between the temperature anisotropy T ⊥p /T p and the parallel beta β p
where a ∼ 1 and b ∼ 0.5. This anticorrelation is consistent with the marginal stability relation, the linear threshold γ ∼ 0, of these instabilities. The simulation studies [Gary et al., 1994a; McKean et al., 1994, and references therein] show that the (quasi-linear) saturation level of these instabilities follows a relation quantitatively similar to Equation (1). These works suggest that the magnetosheath plasma follows a marginal stability path [Manheimer and Boris, 1977] in the (β p , Ap = T p⊥ /T p −1) parameter space going from the high β p ∼ 2, low anisotropy Ap ∼ 0.4 to opposite β p ∼ 0.2, Ap ∼ 2 region [c.f. Denton et al., 1994; Farrugia et al., 2001] .
In this paper we present results from a novel technique, hybrid expanding box (HEB) model, applied here in the magnetosheath context. Using this modified hybrid code we study the effect of a slow compression on the magnetosheath plasma. The simulation results directly verify the hypothesis of the marginal stability path of the magnetosheath plasma. This paper is organized as follows: Section 2 describes the HEB code, in section 3 we present the simulation results and in section 4 we discuss the results.
Hybrid expanding box model
In this paper we use a modified version of a 2-D hybrid code [Matthews, 1994] , a Hybrid Expanding Box (HEB) code. The HEB code is an implementation of the expanding box model used in magnetohydrodynamic context by Grappin et al. [1993] to study the effects of plasma expansion on the wave evolution. The HEB code models the expansion as a linearly driven evolution where the physical lengths xr varies with time [Liewer et al., 2001; Hellinger et al., 2003] . In order to study the impact of a slow compression on the magnetosheath plasma we use the same scheme, but we set xr = Lx where L is a diagonal matrix with
and tc is a characteristic time of the compression. Note the different sign in Equation (2) from that used for the expansion [Hellinger et al., 2003] . The HEB code is a sophisticated version of driven hybrid simulations [Gary et al., 1994b, and references therein] . The code solves the evolution of the system in the coordinates x and v co-moving with the expansion. The physical velocities vr are vr = Lv. The equation of the movement for an ion with charge q and mass m reads: ) is overplotted using dash-dotted curve. The grayscale plot denotes linear predictions of the maximum growth rate γAIC = γAIC (β p , Ap) of the AIC instability: Darker gray denotes stronger instability whereas white corresponds to stable or marginally stable region.
The effective magnetic fieldB in these coordinates evolves with the physical electric field E as ∂B/∂t = −rot(LE) and is related to the physical magnetic field by B = LB/ det L. The electric field E is given as E = (rotB ×B/µ0 −J i ×B −gradpe)/(en), where µ0 is the magnetic permeability of vacuum, n is the physical electron (and proton) number density,
and pe is the electron pressure pe = nkBTe (kB is Boltzman constant and Te is the electron temperature; electrons are assumed to be isothermal).
Units of space and time are c/ωpi0 and Ωi0, respectively, where c is the speed of light, ωpi0 = p n0e 2 /mpǫ0 is the initial proton plasma frequency, and Ωi0 = eB0/mp is the initial proton gyrofrequency (B0 is the initial magnitude of B, n0 is the initial density, e and mp are the proton electric charge and mass, respectively; finally, ǫ0 is the dielectric permitivity of vacuum). The code use a spatial resolution dx = 0.25 and dy = 1.0, and there are 128 particles per cell. Fields and moments are defined on a 2-D grid with dimensions 512 × 256. The time step for the particle advance is dt = 0.02Ω −1 i0 , while the magnetic field B is advanced with a smaller time step dtB = dt/10.
The initial magnetic field is B0 = (B0, 0, 0). During the simulation the plasma is being compressed in the y and z directions (see Equation 2 ). The continuous compression leads to an increase of the density and the magnitude of the magnetic field n, B ∝ 1/(1 − t/tc) 2 . In a case of slow compression one expects that the first and second adiabatic invariants are conserved [cf. Chew et al., 1956] , so that the proton temperature anisotropy and parallel beta evolves as
The proton temperature anisotropy increases with time. The HEB code will show us a self-consistent reaction of the plasma to the compression when the anisotropy exceeds the threshold of the AIC and mirror instalities.
Simulation results
We show here the results of a simulation starting in the stable regime with respect to both the mirror and Alfvén ion cyclotron instabilities. We set β p = 0.1, and proton temperature anisotropy T p⊥ /T p = 1.5 at t = 0. The plasma is homogeneous at time t = 0, except for the statistical noise due to the limited number of particles per cell.
During the simulation, the plasma is slowly compressed with the characteristic time scale tc = 2000Ω −1 i0 . The evolution of the plasma properties during the compression is shown in Figure 1 . Figure 1 displays the evolution in the (β p , Ap = T p⊥ /T p − 1) space. The double-adiabatic prediction is overplotted using dashdotted curve. In order to compare simulation results with the linear theory we have calculated the growth rate γ of the AIC instability in a homogeneous plasma which consists of isotropic electrons with βe = 0.1 and of anisotropic protons for many different parameters β p and Ap. For all β p and Ap we have calculated maximum (over k vectors) growth rate γAIC . The result, γAIC = γAIC (β p , Ap), is shown in Figure 1 as a gray-scale plot: Darker gray denotes stronger instability whereas white corresponds to stable or marginally stable region.
The evolution may be split into three phases. During the first phase, the plasma is stable with respect to the AIC/mirror instabilities, and evolves double-adiabatically in agreement with Equation 3. The double-adiabatic evolution (Equation 3) translates into an upward motion in the (β p , Ap) space of Figure 1 . This evolution leads to the development of an important proton temperature anisotropy, which crosses the threshold for the AIC instability (Figure 1, gray scale plot) . Then starts the second phase of the evolution where the generated waves heat the plasma and keep the system near the marginal stability. The system follows the condition
During the second phase, the system follows the path described by Gary et al. [1994a] . The third phase is characterized by a departure from the relation γAIC ∼ const. The transition takes place in the region β p ∼ 0.5 ÷ 1. During the second and third phases, the fluctuating wave energy |δB| 2 /B Let us now check that the oblique waves have properties of the mirror waves: A correlation < B , n > between the parallel component of magnetic field B and the density n is negative for mirror waves whereas for AIC waves this quantity is positive [cf. Lacombe and Belmont, 1995] . Figure 2 (right panel) displays the dependence of the correlation < B , n > on β p during the second and third phases. Figure 2 (right panel) shows that < B , n > is positive during the second phase and becomes negative in the third phase. This anticorrelation is a clear signature of the mirror waves.
During the second phase, the wave spectrum is dominated by the AIC waves, whereas during the third phase the mirror becomes the dominant mode. The transition between the two phases is smooth and for a wide range of β p the two modes coexist. Figure 3 shows the spatial spectrum |δB| 2 = |δB(kx, ky)| 2 for different β p . The k vectors are given in units of ωpi/c (where ωpi is the local plasma frequency ωpi = (n0e 2 /mpǫ0) 1/2 ). Note, that the second and third phases are characterized by an anticorrelation between Ap and β p . During these two phases we have
Discussion and Conclusion
We have presented the first results of the hybrid expanding box model in the magnetosheath context. Using the 2-D HEB simulations, we have investigated the effect of a slow compression on the plasma and low-frequency turbulence. The compressed plasma initially evolves double-adiabatically as long as the plasma is stable with respect to the Alfvén ion cyclotron instability.
Later on, the AIC waves appear with relatively low amplitudes. The low amplitude AIC waves are able to keep the plasma-waves system close to the marginal stability criterion of the AIC instability in agreement with the quasilinear theory [Gary et al., 1993b] . The trajectory in the (β p , Ap) space for β p 3 may be expressed as γAIC ∼ 0.08Ωi, where γAIC is the maximum linear growth rate of the AIC instability in a homogeneous (bi-Maxwellian) plasma consisting of isotropic electrons and anisotropic protons. Why is the value of γAIC positive? This is probably due to the fact that the system is continuously compressed and the AIC waves are continuously generated in order to keep the system close to marginal stability. Indeed, the wave energy increases with time (and β p ). This result is in agreement with in situ observations [Gary et al., 1993a; Anderson et al., 1994] which suggest that the wave energy |δB| 2 /B 2 0 in the magnetosheath increases with β p and that the plasma often follows γAIC ∼ const. > 0. Observations suggest different values of γAIC . The comparison of observations with the present results is difficult since the magnetosheath plasma usually contains a small abundance of alpha particles which alter the plasma properties. Moreover, the proton distribution function during the evolution deviates from the bi-Maxwellian one; the resonant interaction of protons with AIC waves produces suprathermal particles. For β p 3 the plasma path deviates from the marginal stability relation γAIC ∼ const of AIC waves. This phenomenon is not surprising since the marginal stability behavior of the AIC mode is disrupted by appearance of mirror waves. As one expects from the linear theory, the mirror instability sets on for the high-beta plasma and during this phase the AIC and mirror waves coexist. For highbeta plasmas β p 10 the energy in the mirror waves exceeds the energy in the AIC waves; the growth of AIC waves is inhibited in the later stages is inhibited.
Let us now discuss the relevance of the simulation results in the magnetosheath context. The simulation results are in good agreement with predictions of the linear theory, standard and driven hybrid simulations and some observations. In the case presented, the simulation results directly verify the proposed marginal stability path. However, the simulated system goes from low-beta to highbeta plasma whereas in situ observations often exhibit opposite behavior [Farrugia et al., 2001] , especially in the near-subsolar magnetosheath and the plasma depletion layer [Phan et al., 1994] . This region is characterized by an increase of magnetic field strength and a decrease of plasma density. This behavior is inaccessible to our present model which includes only compression where the magnetic field strength and the plasma density increase simultaneously. To account for the density decrease one should include to the model other important effects. For example, the field-line stretching leads typically to a decrease of proton beta . Our simulation model is based on a separation of temporal and spatial scales. This assumption may be violated in the magnetosheath. First, it is possible that the magnetosheath processes are faster than the typical heating scales by the AIC and mirror instabilities [Gary et al., 2000] : In our simulation we investigated relatively slow compression tc = 2000/Ω0i and the characteristic heating time estimated from Gary et al. [2000] is about ten times smaller (for γ ∼ 0.1). Second, the heated protons with high parallel velocities are able to escape along magnetic field lines. If the typical inhomogeneity scales are small, these escaping protons may not be replaced by similar protons from adjacent regions and therefore the proton parallel beta may decrease.
Despite the limitations of our model, its first results strongly support a bounded anisotropy model [Gary et al., 1994a; Denton et al., 1994; Gary et al., 1996] and suggest that in the region dominated by a slow compression the system follow the marginal stability path from low-beta to high-beta plasma. In the future we plan to study the effect of a speed of compression: for example, there is a natural question whether the coefficient γAIC ∼ const (Equation 4) depend on the chosen value for tc. Moreover, we want to extend our model by including the field-line stretching to elucidate the question when the plasma goes from low-beta to high-beta region and when the opposite path takes place. We also plan to consider the role of alpha particles since their presence changes the dispersive properties and growth rates of the low-frequency waves.
